Lafora disease is a progressive myoclonus epilepsy caused by mutations in the EPM2A gene encoding laforin or in the EPM2B gene encoding malin. It is characterized by the presence of polyglucosan intracellular inclusion bodies (Lafora bodies) in brain and other tissues.
INTRODUCTION
Lafora disease (OMIM 254780; ORPHA501) (LD) is an autosomal recessive progressive myoclonus epilepsy that presents in adolescence with absence, visual, myoclonic, and tonic-clonic seizures. Rapid neurologic deterioration, including ataxia, dementia, dysarthria, amaurosis, and respiratory failure, leads to death within 10 years of onset (1Y6). No preventive or curative therapies currently exist for this disorder. The principal pathologic feature of LD is the presence of periodic acidYSchiff (PAS)Ypositive intracellular inclusions of polyglucosans (Lafora bodies) that are mainly located in the brain, the skeletal muscle, the heart, and the liver (1, 2, 7Y11).
Lafora disease is caused by recessive mutations either in a gene encoding a dual-specificity phosphatase known as laforin (EPM2A) (OMIM 607566) (12, 13) or in the EPM2B/ NHLRC1 gene encoding malin (OMIM 608072), an E3 ubiquitin ligase (14Y20). The existence of a third minor locus has also been postulated (21) .
Different mouse models have been generated by disruption of Epm2a (21, 22) or Epm2b genes (23Y26). The Epm2a j/j mouse line generated by Ganesh et al (22) replicates many neurologic and behavioral abnormalities found in patients. Mice present with neuronal degeneration beginning at 2 months of age and have Lafora bodies in the heart, the liver, and the muscle. Several brain regions, such as the hippocampus, the cerebral cortex, the thalamus, the cerebellum, and the brainstem, also exhibit Lafora bodies at this age, predating the onset of certain behavioral alterations (22) . A dominant negative transgenic mouse overexpressing an inactivated laforin form also showed Lafora inclusions in their characteristic locations (21) ; these are particularly abundant in the brain early in life and then later in the muscle and the liver, at the age of 12 months and thereafter (21) . The 2 primary reported Epm2b j/j mouse lines showed significantly increased laforin levels and abundant Lafora bodies at 3 and 6 months of age, although they did not show any obvious behavioral abnormalities (23, 24) . A recently reported Epm2b j/j mouse line exhibits neurologic and behavioral abnormalities at 11 months of age (25) . In contrast, our group generated a novel Epm2b j/j mouse line that shows major neurologic impairments at 4 months of age and thereafter that correlate with the presence of massive numbers of Lafora bodies in the hippocampus, the cortex, the cerebellum, and the brainstem (26) .
Here, we used the laforin-deficient Epm2a j/j mouse line (22) to study the functional alterations produced by the absence of laforin and compared them to the neurologic alterations observed in the malin-deficient Epm2b j/j mutant mice (26) . Both mouse models of LD exhibit an impaired macroautophagy as a consequence of the lack of laforin-malin complexes (26) . We analyzed the effects that the absence of laforin produces on motor coordination and activity, on hind limb gait and the presence of dyskinesia, and on episodic memory, comparing these with the neurologic alterations displayed by the malin-deficient Epm2b j/j mice. We also compared the encephalographic activity of these mice in videoelectroencephalographic (EEG) recording. We show here that both laforin and malin deficiency in mice produces similar neurologic and pathologic findings that resemble those in patients with LD.
MATERIALS AND METHODS

Animals
Epm2a
j/j mutant mice were generated by targeted deletion of the fourth exon of the Epm2a gene (22) , which encodes the dual-specificity phosphatase domain that is critical for the function of laforin (12, 13) . Epm2b j/j mutant mice were generated by targeting deletion of the unique exon encoding malin, as previously described (26) .
Two groups of homozygous animals at 4 to 8 and 9 to 17 months of age (representative samples of young adult and aged mice) were analyzed for each experiment.
Experiments were conducted in accordance with the declaration of Helsinki principles and guidelines of the Institutional Animal Care and Use Committee, and approved by the IISFundacion Jimenez Diaz ethical review board.
Histology and Immunohistochemistry
Animals were anesthetized with a mixture of Domtor, Ketolar, and sterile water (1:1.5:1.5) and transcardially perfused with 4% phosphate-buffered paraformaldehyde. Brains were removed, postfixed overnight at 4ô-C, dehydrated in graded ethanol solutions, and embedded in paraffin.
Seven-micrometer-thick sagittal or coronal sections were processed for PAS staining, as previously described, and counterstained with hematoxylin solution (27) . For immunohistochemistry, contiguous PAS-stained sections were rehydrated in graded alcohols and incubated in 1.5% (vol/vol) H 2 O 2 in methanol for 20 minutes at room temperature to inactivate endogenous peroxidase. Sections were then placed in blocking buffer for 60 minutes at room temperature and incubated for 3 days at 4-C with anti-ubiquitin antibody (Dako, Glostrup, Denmark). Subsequently, sections were treated with anti-rabbit biotinylated secondary antibody and stained using the Vectastain ABC kit (Vector Laboratories, Burlingame, CA). Immunoreactivity was developed with diaminobenzidine (Dako), and sections were counterstained with hematoxylin solution, dehydrated, and covered with DePeX (SERVA Electrophoresis GmbH, Heidelberg, Germany).
Spontaneous Activity
A computerized actimeter (Panlab/Harvard, Holliston, MA) was used to study the spontaneous motor activity of LD mutant mice. The actimeter consists of a transparent cage in which animal activity is measured by infrared light beams placed in 2 squared frames connected to a computerized control unit. Numbers of counts for surface deambulation displacement, rearing, and stereotyped movements were registered at 5-, 10-, 15-, 30-, 45-, and 60-minute intervals.
Motor Coordination and Balance
An accelerating Rota Rod (Panlab/Harvard Apparatus, Holliston, MA) consisting of a 3-cm-diameter plastic roller flanked by 2 round plastic plates was used for testing neuromuscular abnormalities. Mice were first trained to stay on the apparatus by placing them on the roller as it rotated at 4 and 8 rpm during the 2 days before the experiment, with 2 daily trials of 1 minute at 4 rpm and 2 daily trials of 1 minute at 4 rpm and 1 minute at 8 rpm. Mice were then tested twice a day for 2 days (Trials 1Y4). They were placed on the cylinder, and the speed of the cylinder rotation was gradually accelerated from 4 to 40 rpm in 5 minutes. The ability of the mice to stay on the Rota Rod was timed until they fell off (latency time).
Tail Suspension Test
The tail suspension test (TST) was used to evaluate dyskinesia and abnormal hind limb clasping response of mice when subjected to trials of vertical suspension from the tail. Each mouse was vertically suspended from the middle of the tail for 30 seconds, and responses were scored using a behavioral scale range as follows: value ''0'' when the hind limbs were completely stretched (normal wild-type posture), ''1'' when one or both hind limbs were intermittently stretched and bent, and ''2'' when both hind limbs were completely bent to the abdomen. The number of animals exhibiting each behavioral scale value was represented as a percentage of the total.
Object Recognition Task
The object recognition task (ORT) was used to measure episodic memory retention. The apparatus consisted of a black painted wood chamber measuring 50 Â 50 Â 50 cm. Two objects of similar texture, color, and size (Lego toys) were placed in the center of the chamber. Between trials, the objects and the box were cleaned with 70% ethanol. The adaptation session consisted of placing each mouse individually inside the empty chamber for exploration during 10 minutes. At 2 hours after the adaptation session, the time used in exploring 2 equivalent objects (t A and t B , Objects A and B) was measured for each mouse in the sample familiarization phase. Mice whose total exploration time was 3 seconds or less were eliminated for the rest of the test. The test session was performed 2 hours later and the times (t A and t C ) the animal spent exploring a familiar object (A) and a novel object (C) were recorded. Mice with a total exploration time of 1 second or less per object in the test phase were also eliminated. A discrimination index (DI) was calculated as the ratio of the difference between the exploration times of the new (t C ) and the old familiar object (t A ) with respect to the total (t T ) exploration time as follows: DI = t C j t A / t T .
Video-EEG Recording
For video-EEG recording, epidural jeweler's stainless steel screw electrodes were fixed to the skull under a mixture of Domtor, Ketolar, and sterile water (1:1.5:1.5) anesthesia. Two monopolar electrodes were then implanted symmetrically over the frontal cortex in front of bregma and 2 posterior to lambda were used as ground and reference electrodes. The pins of the electrodes were attached to a plastic pedestal (Plastic One, Inc, Roanoke, VA), and the headset was fixed in place and the wound closed with dental cement (Selectaplus CN; Dentsply DeTrey, Dreireich, Germany). After a 4-day recovery period, synchronized video-EEG activity was recorded for up to 12 hours for a total duration of 1 to 4 days per mouse, using a computer-based system (Easy-EEG 2.1 [Cadwell, Lugo, Spain] and Natus Neurowork EEG [Natus Medical, Inc, San Carlos, CA]) while the mice were freely moving. After each recording session, the entire EEG record was inspected for electrographic seizure activity, and corresponding segments of video were reviewed for behavioral correlation.
Statistical Analysis
Values are given as means T SEM. Differences between groups were analyzed by 2-tailed Student t-test (GraphPad Prism 2.0; GraphPad Software, San Diego, CA). Statistical significance was considered at *, p G 0.05; **, p G 0.01; and ***, p G 0.001.
RESULTS
Lafora Bodies in Epm2a
j/j and Epm2b
Mutant Mice
In agreement with previous descriptions, Lafora inclusions were abundant in several brain regions such as the hippocampus, the cerebral cortex, the basal ganglia, the thalamus, the locus coeruleus, the cerebellum, the cerebellar nuclei, and the brainstem (22, 26) . Examples of cortical Layer V neurons exhibiting PAS-positive Lafora aggregates in cell bodies in Epm2a j/j and Epm2b j/j mice were seen in 7- (Figs. 1A, B ) and 17-month-old (Figs. 1C, D) mice. Intracellular inclusions immunostained for ubiquitin were found in the same regions as PAS-positive inclusions. At 7 months of age, ubiquitinpositive aggregates were observed in cortical Layer V of Epm2a j/j and Epm2b j/j mice (Figs. 2A, B) ; their numbers and sizes increased with age in both mutants at 17 months of age (Figs. 2C, D) .
Alterations of Spontaneous Surface, Rearing, and Stereotyped Movements in LD Mice
To analyze the motor activity performance of the mutant mice, we measured deambulation surface displacements, rearing, and stereotyped movements in a computerized actimeter (Fig. 3) . The general accumulated motor activity in the actimeter was higher in the Epm2a j/j mice at 4 to 8 months of age than that in wild-type mice (Figs. 3A, C, E); differences in older animals were not significant (Figs. 3B, D, F) . Thus, there was a progressive and continuous increase in accumulated deambulation activity as well as in rearing and stereotyped movements of laforin-null mutant mice at 4 to 8 months of age, whereas wild-type mice exhibited a tendency to reach a plateau (Figs. 3A, C, E) . By contrast, in both young and older Epm2b j/j mice, there was a marked decrease in accumulated motor surface, rearing, and stereotyped activities versus agematched control mice (Figs. 3AYF) (26) . 
Motor Coordination and TST
Laforin-null mice displayed a significantly lower mean latency before falling from the rod than age-matched control mice did (Figs. 4A, B) . At the age of 18 months and thereafter, laforin mutant mice were unable to stay on the Rota Rod (data not shown). Epm2b j/j mutant mice also showed a lower mean latency before falling from the rod than age-matched controls did, but they performed better than the Epm2a j/j mice (Fig. 4) (26) .
Dyskinesia and abnormal gait were recognized in laforin mutant mice in the TST at all ages analyzed; a high percentage of Epm2a j/j mice showed abnormal clasping (Values 1 and 2) (Figs. 5A, B) . Epm2b j/j mice showed a greater hind limb clasping response in the TST that was more pronounced than in laforin mutant mice (Figs. 5A, B) . Performance progressively deteriorated with age in both groups of mutant mice (Fig. 5) .
Episodic/Nonspatial Memory Performance
Mice with deletion of the laforin gene had episodic memory deficits in the ORT compared with the wild-type mice (Figs. 6A, B) . This difference was more significant in Epm2b j/j mice and was much more pronounced in the older mice (Fig. 6 ).
Cortical EEG and Video Recording
Epileptiform activity was observed in both laforin and malin mutants at the age of 3 months and thereafter. Cortical recordings of EEG activity showed spontaneous single spikes, spike-wave, polyspikes, and polyspike-wave complexes (Fig. 7 ) that corresponded to myoclonic jerks in the video recording. Epm2a j/j mutants had tonic-clonic seizures that were recorded in the EEGs as high-frequency polyspikewaveYgeneralized discharges (Fig. 7D) . These seizures lasted from 4 to 20 seconds and, at times, were preceded by myoclonic jerks with correlated EEG polyspike complexes (data not shown). Epm2b j/j mice had tonic-clonic seizures in the video recordings, but they did not show EEG correlates.
DISCUSSION
Subsequent to the identification of diverse mutations in the genes encoding laforin and malin in patients with LD, studies have focused on the involvement of these proteins in the formation of Lafora bodies and the development of the disease. The laforin-malin complex produces proteasomedependent ubiquitination and degradation of various proteins involved in glycogen synthesis, including the muscle isoform of glycogen synthase (28) , glycogen debranching enzyme (29) , and the glycogen targeting subunit of Type 1 protein phosphatase (PP1), called ''protein targeting to glycogen'' (R5/ PTG) (30, 31) . It has also been reported that laforin has a role in glycogen homeostasis by acting as a phosphatase of glycogen (32Y34). This function might be necessary for the maintenance of normal cellular glycogen (32, 34, 35) . More recently, the laforin-malin complex has been found to suppress the cellular toxicity of misfolded proteins by promoting their degradation through the ubiquitin-proteasome system (36) . In animal models generated through gene-targeting techniques, that is, by interfering in the expression of laforin (22, 37) and malin (23Y26), loss of function of both proteins impaired autophagy (26, 32) . Therefore, it has been proposed that autophagy impairment is a consequence of the lack of laforin-malin complexes and that it precedes other pathologic manifestations, The time to fall from the Rota Rod is represented for wild-type, laforin-, and malin-null mice at 4 to 8 (A) and 9 to 17 (B) months of age (Trials 1Y4). Mean latencies on the Rota Rod were significantly lower for laforin-null mutants than for age-matched control mice; Epm2b j/j mice showed an intermediate latency period that was significantly different from the controls in the younger group. Student t-test was performed for statistical evaluation. *, p G 0.05; **, p G 0.01; ***, p G 0.001 (n = 18Y23).
FIGURE 5. Neurologic alterations in Epm2a
j/j and Epm2b j/j mutant mice in the tail suspension test. (A, B) The percentages of animals at 3 to 6 (A) and 9 to 14 (B) months of age showing normal hind limb posture and/or abnormal stereotypical hind limb clasping responses when suspended by the tail. Value ''0'' was assigned when hind limbs were completely stretched, adapting a normal posture; value ''1'' when one or both hind limbs were intermittently stretched and bent; and value ''2'' when both hind limbs were permanently bent to the abdomen (n = 13Y36).
thereby playing a primary role in the formation of Lafora bodies and in LD pathogenesis (26) .
The presence of Lafora bodies in these models reproduces the characteristic neuropathology of the patients with LD and precedes the emergence of detectable neurologic and behavioral abnormalities. With respect to shape, size, and composition, Lafora inclusions in Epm2a j/j and Epm2b j/j mice were similar to those described in patients. Periodic acidYSchiffYstained Lafora aggregates appeared at 2 months of age, whereas the earliest neurologic alterations were first observed 2 months later (22, 26) . The number and size of Lafora inclusions increased with age; they also stained for ubiquitin and in the brain were particularly abundant in the hippocampus, the cerebral cortex, the thalamus, the cerebellum, and the brainstem (26) .
Patients diagnosed with LD present with myoclonus, cerebellar ataxia, dementia, and motor alterations (2, 6, 37, 38) . Epm2a j/j mice displayed significant motor coordination and activity impairments, memory deficits progressively aggravating with age, as well as myoclonus and tonic-clonic seizures. These functional features have not previously been reported. Most of the traits were also observed in the Epm2b j/j mice described previously (26) , although minor differences were found among the mice. When analyzing the general performance of mice in the actimeter, wild-type mice tend to reach a plateau, probably as they tire of exploring or moving, whereas deletion of the laforin gene in young mice produced progressive and continuous increase in motor surface, rearing, and stereotyped activities; differences were not evident in older mice. It is worth noting that malin deletion in both young and aged Epm2b j/j mice led to a significant decrease in motor activity when compared with that of age-matched controls. The increased motor activity of young Epm2a j/j mice could reflect the existence of hyperactivity, anxiety, and/or stress states (39, 40) , whereas the reduction in motor activity of Epm2b j/j mice could reflect a lack of anxiety, with low exploratory activity states and/or depression (41, 42) . Because the lack of laforin in mice produced effects different from those caused by the lack of malin on motor activity and exploration, this may indicate and Epm2b j/j mutant mice assessed through the object recognition task. (A, B) Animals were analyzed at 4 to 8 (A) and 9 to 17 (B) months of age. The discrimination index (DI) was calculated as the ratio of the difference between the exploration time of the new (t C ) and the familiar object (t A ), and the total (t T = t A + t C ) exploration time (DI = t C j t A / t T ). Values are expressed as mean T SEM. Student t-test was performed for statistical evaluation. *, p G 0.05; **, p G 0.01; ***, p G 0.001 (n = 19Y29). independent contributions from malin and laforin proteins irrespective of laforin-malin complex formation. A recent report shows that the lack of malin in a similar Epm2b j/j mouse line at 11 months of age produced an increase in exploratory behavior and hyperactivity in the open field test (25) . However, these mice spent a longer time in the center of the actimeter than wild-type mice, possibly reflecting lack of anxiety (25) .
Analysis of motor coordination and balance of Epm2a j/j and Epm2b j/j mice on the Rota Rod demonstrated impairment of motor coordination performance, suggesting cerebellar ataxia. Ganesh et al (22) similarly reported some cerebellar ataxia in Epm2a j/j mice at 9 months of age, but not in younger mice, whereas Valles-Ortega et al (25) observed no cerebellar ataxia on the Rota Rod in their 11-month-old Epm2b j/j mice. Although results from the coordination performance of our Epm2b j/j mice expand the period analyzed to 9 to 13 months of age, we cannot rule out additional unknown factors contributing to these differences.
Both Epm2a j/j and Epm2b j/j mice displayed dyskinesia in the TST. Abnormal gaits were more pronounced in the malin-null mutant mice, but with a progressive decline in the performance of both mutants with age, thus confirming the existence of substantial neurologic deficits worsening with time. The mice also displayed a reduced level of discrimination between objects versus wild-type mice in the ORT. These results indicate clear signs of episodic, nonspatial memory deficits in both models that were more pronounced in malindeficient than in laforin-null mutants; these deficits also increased with age. Cortical recordings of EEG activity in Epm2a j/j and Epm2b j/j mice showed spontaneous epileptiform activity that corresponded to myoclonic jerks. Additionally, laforin deficiency in Epm2a j/j mutants caused tonic-clonic seizures whereas Epm2b j/j mice also presented tonic-clonic seizures but with no EEG correlates. By contrast, Valles-Ortega et al (25) did not report signs of associative memory deficits or alterations in basal EEG activity in the Epm2b j/j mouse line. Differences in the genetic strain or in the number of backcrosses may explain this milder phenotype (26) .
In summary, motor coordination, activity impairment, and memory deficits progressively increase with age in both Epm2a j/j and Epm2b j/j mice. These abnormalities were more evident at the age of 9 to 17 months and probably reflect the increased accumulation of Lafora bodies in multiple brain regions, particularly the cerebellum, the basal ganglia, the brainstem, the cortex and the hippocampus. Myoclonus and seizures, with or without epileptiform activity, were observed in both mutant mouse strains regardless of age. Thus, these LD model mice exhibit behavioral defects that resemble those in patients with LD and may represent useful tools for development of novel therapies for this fatal disease.
